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ABSTRACT OF THESIS
STABILITY IMPROVEMENTS FOR GENERALIZED AVERAGE-VALUE
MODEL OF DC-DC CONVERTERS
Power electronics have a significant role in modern electrical devices, for instance,
hybrid electric vehicles. Power electronics are the technology in between the
source and the load circuits and can convert the power from dc to ac or from dc to
ac. There are also many types of dc-dc converters, like such as boost and buck con-
verters, which exhibit switching ripple behavior. A boost converter increases the
output voltage (with respect to the input voltage) and reduces the output current.
A buck converter decreases the output voltage and increases the output current.
Many models are used to predict the behavior of the boost and buck convert-
ers. The detailed (DET), state-space averaged (SSA), and generalized averaging
method (GAM) models are capable of predicting the average behavior of dc-dc
converters. For DET and GAM models, the rippling behavior can also be pre-
dicted. These models differ in terms of required run time, existence of constant
equilibrium points, and accuracy. The DET model has a long run time and does
not have constant equilibrium, but it is very accurate. The SSA technique is a
mathematical and time-invariant model that capable of describing the behavior of
a dc-dc boost converters. It can derive the small signal ac equations of a switching
converter and is used to illustrate the average behavior of any linear or nonlinear
system in converters. The SSA does not take extensive runtime simulation and has
constant equilibrium points, and can be applied to continuous, discrete and sam-
ple data systems. The GAM model can predict the average and ripple behavior in
power electronic systems and has constant equilibrium and fast run time. How-
ever, it has a numerical stability issue. The integrator stabilized multifrequency
averaging (ISMFA) model is employed to solve the stability issue in the GAM
model, but it is a complicated dynamic method and has restrictions in its process.
In the present study, a simplified but stable GAM model is introduced to predict
the average and ripple behavior of boost dc-dc converters and to overcome the
limitations of other methods. In this work, the stabilized GAM model has been
used for a dc-dc boost converters. The stability of the proposed model is analyzed.
The performance of the improved GAM model is compared with the DET, SSA,
and GAM models. The results show that the stabilized GAM model is stable with
the additional poles created by the GAM assignable by parameter choice. The
new GAM model predicts the same results as the existing GAM method without
the underlying stability concerns. The stabilized GAM model exhibits constant
equilibrium point and requires significantly lower run times than the DET model,
but it is also able to predict the ripple performance of the converter. The stabi-
lized GAM model does not take a long run time, is less complicated, has fewer
restrictions, has constant equilibrium and internal stability, and has more straight-
forward implementation than other models, like the ISMFA model. It represents
a suitable alternative to DET models when high accuracy simulations are desired
without long simulation run times.
KEYWORDS: DC-DC Converter, Modelling, Power Electronic Systems, Pulse
Width Modulation, Stability.
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Chapter 1
Introduction
Power electronic systems have become very popular in the recent times. Power
electronic are the technology in between the source and the load circuits and can
convert the power from dc or ac to dc or ac in both directions. Power electronic
converters consist of four kinds: it can be converted ac-to-dc converter such as rec-
tifiers, dc to ac converter like inverter, dc to dc converter such as chopper, and ac to
ac converter likes cycloconverter. In the electrical devices, power electronic con-
verters have an essential role in increasing operational efficiency, faster dynamics,
and small sizes compared to mechanical systems for similar power ratings. Power
electronic applications are found in industry appliances, such as aircrafts, automo-
biles, machine tools, home appliances, toys and many other products. However,
they have a critical disadvantage, which is the harmonics [1–3]. Since converters
are located between the sources and the loads, the harmonics will be on both sides.
Harmonics are produced in the output voltage and current and the input current
and cause an extreme heat, power losses and noise.
There are many other dc-dc converters such as: regular linear, buck converter,
boost converter, and buck/boost converter. The dc-dc converters have several ad-
vantages: uncomplicated design, low noise, fast transient response and low cost.
However, these converters have low efficiency if the input and the output have
substantially different values and need a sink to dissipate heat. Boost convert-
ers have a variety of uses these days: RF, radio, communication devices, medical
equipment, measurement devices, etc. A boost converter, which is called a step
up-converter, increases the output voltage from its source and reduces the output
current. Boost converters are widely used in hybrid electrical vehicles, regulated
dc supplies, regenerative braking of dc motors or switching regulators, etc. [2, 3].
As shown in Fig.1, a boost converter circuit contains passive elements such as
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a resistor, inductor, and capacitor, and has active elements; such as bipolar junc-
tion transistor (IGBTs) or metal oxide semiconductor field effect transistor (MOS-
FETS), and a diode, both of which act as a switch. Otherwise, the buck converter
decreases the output voltage and increase the output current. A buck converter
circuit is consisting of a resistor, inductor, and capacitor, and has active elements;
such as (IGBTs) or (MOSFETS) transistor, and a diode as shown in Fig .4. Buck
converters are widely used laptops, tablets, audio amplifiers and motor control [4].
Additionally, these converters have ripples and harmonics in the output signal,
which cause noise and losses in the power. To predict the ripples in the convert-
ers,there are several types of models that will clarify next section.
1.1 The Types of Models in Power Electronics Con-
verter
In order to predict the ripple behavior, some models were discovered and simu-
lated in software programs. The detailed (DET), state-space averaging (SSA), and
multifrequency averaging (GAM) models are able to predict the average behavior
as well as the ripple behavior of power electronic systems. These models were
compared based on runtime simulation and constant equilibrium. For instance,
the SSA model is beneficial when the ripple is small and time-invariant [5, 6].
However, the new model, which is called stabilized generalized multifrequency
method (SGAM), has been used to describe the operation in power electronics,
but it has a long run time simulation and does not have constant equilibrium.
Finally, the MFA model used the truncated Fourier series to analyze the state vari-
able (inductor current and capacitor voltage) of power electronic systems. This
model is capable of predicting the average behavior in power electronic systems
and ripple behavior. However, it has a numerical stability issue [7]. The integra-
tor stabilized multifrequency averaging (ISMAF) model is employed to solve the
stability issue in the GAM model, but it is a complicated dynamic method and
has restrictions on its process. These models still have problems such as taking
a long time to obtain the output, having complicated subsystems in their model,
having restrictions, not having constant equilibrium, and having instability issue.
However, SGAM model does not take a long time to run, has a less complicated
system, fewer restrictions, and has a constant equilibrium and stability.
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The SGAM model has been used in the dc-dc converters, and it is stable while
other models are not like GAM model . This model does not have a long run time
in Simulink and no restrictions and has a stable output signal.
This model is capable of predicting the ripple and average behavior. It is de-
veloped through Simulink MATLAB (2017a). The results from SGAM model
integrator are stable depending on the assignable parameter that are in its subsys-
tem.Lyapunov technique has been used to prove the stability of the system [8, 9].
The switch function dc-dc converters have been analyzed in Fourier-series repre-
sentation. The simulation results of SGAM model with GAM model in the boost
and buck converters have been compared.
1.2 Thesis Outline
The organizing of this thesis as follows. The fundamentals of differential equa-
tion model and its properties are presented in Chapter 2. In Chapter 3, SGAM
model of dc-dc converters is proposed. In Chapter 4 we present the results of
simulations for the SGAM models in the dc-dc converter as carried out by the re-
searcher. In Chapter 5, the conclusions of this research project are discussed, and
potential avenues for future work are presented.
3
Chapter 2
DC-DC Converter Background
2.1 The Fundamentals of the Boost Converter
Power electronics has several kinds of converters and the dc-dc converter is
one of these converters.The dc-dc converter has become essential for electrical
devices due to the flexibility of this converter to produce different dc output volt-
ages compared to the input voltage.The boost converter is a dc-dc converter that
increases the output voltage. The boost converter is widely used in LED drivers,
solar power systems, and hybrid electric vehicles [10]. The boost converter circuit
consists of one transistor, one diode as a switch, inductor,one capacitor, and load
such as a resistor, as shown in Fig 2.1.
The topology for the basic boost converter is set forth. When the transistor
(Q1) is ON, the diode is reversed bias as shown in Fig. 2.2; therefore, the output
circuit is isolated, and the inductor is charged. Therefore, the inductor stores the
Figure 2.1: Boost converter circuit
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Figure 2.2: Illustrates the boost converter circuit during ON time
energy and there is no current flowing to the rest of the circuit (diode, capacitor,
and load resistor). According to KVL, the inductor voltage is described as
L
diL2
dt
=Vin2, (2.1)
where L is the inductance, iL2 is the inductance current, and V in2 is the input
voltage. Likewise, using KCL during the ON period of the boost converter, the
capacitor current is described as
C2
dvout2
dt
=−Vout2
RL2
, (2.2)
where the C2 is the capacitor, vout2 is the capacitor voltage, and RL2 is the load
resistance in the boost converter. Equation 2.3 produced by combining equation
2.1 and 2.2. [ diL2
dt
dvout2
dt
]
=
[
0 0
0 − 1RL2 C2
][
iL2
vout2
]
+
[ 1
L
0
]
Vin2, (2.3)
Otherwise, when the switch (Q) is OFF and the diode is closed, the inductor
current via the diode-capacitor to the load as shown in Fig. 2.6[11]. Here, the
capacitor receives the energy that from the inductor and input voltage. According
to KVL, the inductor voltage is described as
L
diL2
dt
=Vin2− vout2, (2.4)
eq:5
where L is the inductance, Vin2 is the input voltage, and vout2 is the capacitance
voltage in the boost converter.
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The capacitance current of boost converter by applying KCL is shown in 2.5
[4, 12]
C2
dvout2
dt
= iL2−
Vout2
RL2
, (2.5)
The general equations for boost converter can be clarified as
L
diL2
dt
=Vin2− (1−q)vout2, (2.6)
C2
dvout2
dt
= (1−q)iL2−
Vout2
RL2
, (2.7)
The advantages of the boost converters are high efficiency, supply one polarity
output voltage and easily comprehensible circuitry. However, boost converters are
not often used for high power conversion.
2.1.1 The Fundamentals of The Buck Converter
The buck converter is a step-down converter and generates lower output volt-
age and higher current than the input. The buck converter is remarkably used in
smartphones, laptops, tablets, audio amplifiers and motor control. This converter
is operated in both continuous and discontinuous current mode. The buck con-
verter circuit consists of an active switch, such as a MOSFET transistor, a passive
switch, such as a diode, an inductor, a capacitor, and load, as shown in Fig. 2.3.
Figure 2.3: Illustrates the basic operation of the buck converter circuit
The inductor and capacitor act as a filter to reduce the ripple in the output
voltage, and the MOSFET can be controlled by turning it ON or OFF. During the
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ON status of the buck converter, a current loop is created as shown in Fig. 2.4. The
inductor current increases linearly according to Faraday’s law (LdiLdt ). Depending
on KVL, the inductor voltage is obtained see equation 2.8
Figure 2.4: The buck converter during ON time
L
diL1
dt
=Vin1− vout1, (2.8)
furthermore, by using KCL during the ON status of the buck converter; the
capacitor voltage is described as
C1
dvout1
dt
= iL1−
Vout1
RL1
, (2.9)
Otherwise, when the switch (Q) is OFF and the diode is closed, the inductor
current flows across the diode, capacitor and load as shown in Fig. 2.5. Here,
the capacitor will be charged from the energy that at the inductor, using KVL, the
capacitor voltage is given in equation 2.10
vL =VD− vout1 ≈−vout1, (2.10)
and, the capacitance current is defined as [4]
C1
dvout1
dt
= iL1−
Vout1
RL1
, (2.11)
The advantages of buck converter are high efficiency, less expensive. The
general equations for buck converters can clarified as
C1
dvout1
dt
= iL1−
Vout1
RL1
, (2.12)
7
Figure 2.5: The buck converter circuit during OFF-state
Figure 2.6: The buck converter circuit during OFF-state
The advantages of buck converter are high efficiency, less expensive. The
general equations for buck converters can clarified as
L
diL1
dt
= qVin1− vout1, (2.13)
C1
dvout1
dt
= iL1−
Vout1
RL1
, (2.14)
2.2 Detailed Model of Switching Converter
The detailed model (DET) is considered one of the fundamental models that
describes average behavior and estimate the ripple behaviors in the converter.
The DET model attempts to illustrate the actual detailed behavior of each switch.
This converter has been used the pulse width modulation technique to control the
switch in this circuit by using continuous condition mode with switching function
8
and duty cycle as shown in Fig.2.7 [12, 13]. The equations 2.15 and 2.16 illustrate
the DET model in boost converter.
L
diL2
dt
=Vin2− (1−q)Vout2, (2.15)
C
dvout2
dt
= (1−q)iL2− iout2, (2.16)
The q is the switching function as shown in Fig.2.7 . If the transistor is ON,
the q will be 1, but if it is OFF, the q will be 0. The general differential equation
is built to portray the detailed model of the boost converter when the transistor is
ON-OFF
ẋ = q(A1x+B1u)+(1−q)(A2x+B2u), (2.17)
where A1 and A2 are matrices, x is the state variables vector, u is the input
vector, and B1 and B2 are input matrices [12, 14]
x =
[
iL2
vout2
]
,u =Vin,A1 =
[
0 0
0 − 1RL2 C2
]
,A2 =
[
0 − 1L
1
C2
− 1RL2 C2
]
,B1 = B2 =
[ 1
L
0
]
,
(2.18)
Equations 2.19 and 2.20 for the detailed model are specified during the switches
ON and OFF in buck converters. The detailed model for the buck converter is
described as
L
diL1
dt
= qVin1−Vout1, (2.19)
C1
dvout1
dt
= iL1− iout1, (2.20)
iout1 =
vout1
RL1
, (2.21)
The DET model has a long run time simulation compared to other models
and does not have a constant equilibrium because the state variables waveforms
are produced from DET model in this converter always oscillate and never go to
steady state. 2.22 is combined with the equations above to illustrate when the
transistor is ON-OFF in the buck converter.
ẋ = q(A1x+B1u)+(1−q)(A2x+B2u), (2.22)
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where
x =
[
iL1
vout1
]
,u =Vin,A1 = A2 =
[
0 − 1L
1
C −
1
RL1 C1
]
,B1 =
[ 1
L
0
]
,B2 =
[
0
0
]
, (2.23)
2.3 State Space Average Model
The state space averaging (SSA) technique has been constructed in dc-dc con-
verters to analyze the average behavior in the converters. The standard forms for
SSA model are given below:
ẋ = Āx+ B̄u (2.24)
y = C̄x+ D̄u (2.25)
where Ā, B̄,C̄,and D̄ are the system matrices, ẋ is the derivative of state vari-
able, u is the input signal, and y is the vector output signal. The SSA model has
been used the duty cycle (D) in the dc-dc converters. The state space model has
been implemented in boost converter. When the transistor is ON, as mentioned
earlier, DTsw (Tsw is the switching cycle), the input voltage (Vin2) charge the in-
ductor as described in 2.26. The inductance current does not flow through the
capacitor and load, therefore, both of them are isolated from the circuit as defined
in 2.27 [15, 16].
L
diL2
dt
=Vin2 (2.26)
0 =C2
dvout2
dt
+
vout2
RL2
(2.27)
where iL2 is the inductance current, Vin2 is the input voltage, C2 is the capacitor
value, vout2 is the capacitor voltage, and RL2 is the load resistance in boost con-
verter. The equation 2.28 describes state space averaging model in boost converter
during ON state. [ diL2
dt
dvout2
dt
]
=
[
0 0
0 − 1RL2 C2
][
iL2
vout2
]
+
[ 1
L
0
]
VVin2 (2.28)
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where A1s(ON) =
[
0 0
0 − 1RL2 C2
]
and B1s(ON) =
[ 1
L
0
]
are the matrices in the boost
converter. The duty cycle is taken as switching function (D), during OFF time
(1−D)Tsw, the transistor is OFF, and the diode is ON. The inductor current will
flow through the capacitor and resistor as illustrated below. The equations 2.29
and 2.30 described during OFF time
L
diL2
dt
=Vin2− vout2 (2.29)
C2
dvout2
dt
= iL2−
vout2
RL2
(2.30)
The state space averaging equation of boost converter during OFF state is
illustrated as [ diL2
dt
dvout2
dt
]
=
[
0 1L
1
C2
− 1RL2C2
][
iL2
vout2
]
+
[ 1
L
0
]
u, (2.31)
where A1s(OFF) =
[
0 1L
1
C2
− 1RL2C2
]
and B2s(OFF) =
[ 1
L
0
]
.
To obtain the general state space equation, the average of Ā and B̄ matrices
have been derived with the switching duty cycle as defined
ẋ0 = (A1s(ON)D+A1s(OFF)(1−D))x0 +(B(1s(ON)D+B2s(OFF)(1−D))u (2.32)
Ā = (A1s(ON)D+A1s(OFF)(1−D)) (2.33)
B̄ = (B1s(ON)D+B1s(OFF)(1−D)) (2.34)
The general state space equation for boost converter is illustrated in equation
2.35. [ diL
dt
dvout
dt
]
=
[
0 − (1−D)L
(1−D)
C2
− 1C2RL2
][
iL2
vout2
]
+
[ 1
L
0
]
u, (2.35)
Likewise, the state space model has been implemented in buck converter. Fig.
2.4 shows the buck converter when the transistor is ON.
vout2 =Vin2−L
diL2
dt
(2.36)
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iL =C2
dvout2
dt
+
vout2
RL2
(2.37)
The state space equation for buck converter during ON state is formulated[ diL
dt
dvout
dt
]
=
[
0 − 1L
1
C2
− 1C2RL2
][
iL2
vout2
]
+
[ 1
L
0
]
u, (2.38)
where A1sb(ON) =
[
0 − 1L
1
C2
− 1C2RL2
]
,B1sb(OFF) =
[ 1
L
0
]
.
Otherwise, During OFF state, the transistor is OFF, and the state space equa-
tion is derived below [ diL
dt
dvout
dt
]
=
[
0 − 1L
1
C2
− 1C2RL2
]
+
[
0
0
]
u, (2.39)
where A2sb(OFF) =
[
0 − 1L
1
C2
− 1C2RL2
]
,B2sb(OFF) =
[
0
0
]
,
The equivalent state space equation for the buck converter during ON-OFF
state is calculated below:
Ā = A1sb(ON)D+A2sb(OFF)(1−D) (2.40)
B̄ = B1sb(ON)D+B2sb(OFF)(1−D) (2.41)[ diL
dt
dvout
dt
]
=
[
0 − 1L
1
C2
− 1C2RL2
][
iL
vout
]
+
[D
L
0
]
u, (2.42)
where Ā =
[
0 − 1L
1
C −
1
RC
]
and B̄ =
[D
L
0
]
in [17], the paper is used the SSA technique to get the dynamic and the steady-
state model for a hybrid switched-capacitor boost converter. In [18], this paper is
addressed the SSA model of PWM converters in continuous and discontinuous
modes. In this approach, the duty cycle ratio constraint and the correction term
are taken numerically by using the DET simulation. The accuracy of the averaged
model has been proved in time-domain and frequency-domain. In [19, 20], these
paper were presented the SSA model for boost and buck switching regulators and
employed to design an accurate controller that has stability states. The non-ideal
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impacts in dc-dc converters, such as capacitance resistor and inductor resistor, are
counted in this paper. This model was also simulated in both PSpice and compared
its results with MATLAB program and the results are approximately identical.
2.4 Generalized Average Method
The generalized average method (GAM) is the model that used for analyzing
and predicting the ripple in power systems by using the software program such
as Simulink . In this work, the GAM is used in dc-dc converter to estimate the
ripple and average behaviors in these converters. This method has a stability issue
that is explained more in this section. The GAM is simulated in boost and buck
converters in Simulink program and it does not take a long simulation run time
compared to detailed model. This model works more precisely than the SSA
model because it can predict the ripple behavior in the converters variables, but
the SSA does not.The GAM was used the pulse width modulation technique as
switching function used a finite Fourier series to represent dc fundamental and
harmonics behavior for the result of converters variables [21–25].
2.5 Definition of Fourier Series
The x(t) can be considered as the state variable in the dc-dc converter. The
state variables are the iL and vout signals from boost and buck converter circuits.
The GAM is able to estimate the dc fundamental and harmonics by using Fourier
series. The Fourier series equation is written
x(t)≈ x0(t)+
N
∑
n=1
(
xnc(t)cos
2πt
T
+ xns(t)sin
2πt
T
)
(2.43)
x0(t),xnc(t),xns(t) are the real-valued trigonometric Fourier series variables,
and the 2πtT is the angle of switching function. These terms can be used for the
dc fundamental, the harmonics results, and the switching ripple in the dc-dc con-
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verters. The subscripts c and s refer to the cosine and sine coefficients. N is the
number of the series term that represents the harmonics for the variables state.
Equation 2.43 generates (2N+1) variables. If the N value is one or two, it will be
enough to determine the switching ripples and more accurate than N = 0 [26, 27].
The vector can be extracted from equation 2.43 as described
X = [x0 x1c x1s ... xNc xNs]T (2.44)
The vector X is used to rewrite equation 2.43 as defined
x(t) = s(t)X (2.45)
where s(t) is defined as
s(t) =
[
1 cos
2π
T
t sin
2π
T
t...cosN
2π
T
t sinN
2π
T
t
]
(2.46)
As shown below, x(t) was substituted into the inductor current (iL(t)), capaci-
tor voltage (vout(t)), and switch function q(t) in equations 2.47 2.482.49, respec-
tively [25].
iL(t)≈ iL0 + iL1c cos(ωt)+ iL1s sin(ωt) (2.47)
vout(t)≈ vout0 cos(ωt)+ vout1s sin(ωt) (2.48)
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q(t)≈ q0 +q1c cos(ωt)+q1s sin(ωt) (2.49)
2.6 The Time Derivative of Fourier Series Waveform
Since the waveform x(t) changes with time, the x(t) in equation 2.43 has been
derived with time in Nth-order in equation 2.50 and this derivative is part of GAM
method. The average vector in the GAM method can represent as described [25,
28, 29]
dx(t)
dt
= {dx0
dt
+
N
∑
n−1
(2nπ
T
)
xns cos
(2nπ
T
)
t−
(2nπ
T
)
xnc sin
(2nπ
T
)
t
+
N
∑
n−1
(dxnc
dt
)
xks cos
(2nπ
T
)
t +
(dxns
dt
)
sin
(2nπ
T
)
t}
(2.50)
The equation 2.6 has been differentiated with respect the time as defined
dx(t)
dt
=
d
dt
(s(t)X) (2.51)
=
ds(t)
dt
X + s(t)
dX
dt
(2.52)
dx(t)
dt
= s(t)(AX +
dX
dt
) (2.53)
dX
dt is the derivative of the average vector, and A represents the
matrix (2K + 1)× (2K + 1).The matrix values are zero everywhere
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except A(2k,2k+1) = kω,A(2k+1,2k) =−kω , and k ∈ {1,2, ...,K}. The
analysis from the output dc-dc converters can be calculated into
equation 2.47 or 2.48 as shown below
dx0
dt
=
dx0
dt
(2.54)
dx1c
dt
=
dxc
dt
+ kωxns (2.55)
dx1s
dt
=
dxks
dt
− kωxnc (2.56)
The equations above can be represented by an average vector
with a Nth-series.
2.7 Product Average Signals in DC-DC Converter
A switching function and voltage or current output signal should
be multiplied using discrete convolution method. For instance, as-
suming x(t) represents the capacitor voltage signal and y(t) repre-
sents the switching function, and both are approximated by Nth-
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order series then the product of the averages of these terms as shown
below [30, 31]
z(t) = x(t)y(t) = z0(t)+
N
∑
n=1
(
znc(t)cos(n
2πt
T
)+ zns(t)sin(n
2πt
T
)
)
(2.57)
The z(t) equation can be reconstructed as
z(t) = (s(t)X)(s(t)Y ) (2.58)
The multiplication and implementation specification are achieved
by using MATLAB program. The index-n terms are:
z0 = x0y0 +
N
∑
n=1
( xncync
2
+
xncync
2
)
(2.59)
znc = x0ync + xncy0 (2.60)
zns = x0yns + xnsy0 (2.61)
By using discrete convolution, the average z can be represented
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as
z = Ω(x)y (2.62)
As clarified above, Ω(x) can be defined as
Ω(x) =

x0 12x1c
1
2x1s
x1c x0 0
x1s 0 x0
 (2.63)
This matrix (2K + 1)× (2K + 1) is used in the product subsys-
tem when the state variables, that is produced from buck and boost
converters, multiply with the switching function. The Ω(x) can be
substituted with q and y can be substituted with voltage or current.
For instance, equation 2.7 is clarified the multiplication between the
switching function q(t) and state variables (capacitor voltage (vout)
) in the boost converter.
(1−q)vout →

1−q0 −12q1c −
1
2q1s
−q1c 1−q0 0
−q1s 0 1−q0


vout0
vout1c
vout1s
 (2.64)
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= (1−q0)vout0−
1
2
q1cvout1c−
1
2
q1svout1s−q1cvout0− (1−q0)vout1c−
q1svout0 +(1−q0)vout1s
(2.65)
2.8 The Switching Function of DC-DC converter
In dc-dc converters, the diode and transistor work as a switching
function. The q, can control the system and the duty cycle compares
with the carrier function (sawtooth waveform). If the D is larger
than carrier function, the q will be one if it is less than sawtooth
waveform, the q will be zero as shown in Fig. 3.1. The Fourier
series coefficient of q are given for the switching function
q0 = D, (2.66)
qnc =
1
nπ
sin(2nπD), (2.67)
qns =
1
π
(1− cos(2nπD)), (2.68)
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The q0,qnc,qns are the index-0, index-nc, and index-ns averages,
respectively. These are constant for the open loop circuit when D is
constant [29, 32].
2.9 GAM Model of the DC-DC converters
2.9.1 The GAM Model of the Boost Converter
The GAM model has been built in the boost converter as shown in
Fig. 2.3. This boost converter is operating in continuous conduction
mode. By using the GAM model in the boost converter, the state
variable is defined as
Vin2− (1−q)vvout2 = L
(
AiL2 +
diL2
dt
)
(2.69)
C2
(
AiL2 +
diL2
dt
)
= (1−q)iL2−
vout2
RL2
(2.70)
where q is the switching function that represents the transistor
condition. These equations are constructed in Simulink, and the re-
sults will be explained in chapter 4.
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2.9.2 Using the GAM Model in the Buck Converter
The GAM has been used in the ideal buck converter circuit as
shown in 2.3. In this model, the buck converter is also operating in
continuous conduction mode. The state variables of the buck con-
verter in GAM model are given.
qVin1− vout1 = L
(
AiL1 +
diL1
dt
)
(2.71)
iL1−
vout
RL1
=C1
(
Avout1 +
dvout1
dt
)
(2.72)
where q is the switching function that represents the transistor
condition. These equations are constructed in Simulink, and the re-
sults will be explained in chapter 4. In [33], the proposed model
for dc-dc converters depends on mathematical methods for periodic
differential equations are approximately similar to the GAM model
because it predicated the average ripple behavior in dc-dc convert-
ers. This model used the multi-frequency to approximate the aver-
age behavior and also correct the dc offset error that happened in
the conventional method on closed-loop circuit. In [34] the general-
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ized state-space averaging method (GSSA) presented for modeling
multi-converters dc. The GSSA was able to estimate the average of
state variable,and ripple behavior.
2.10 Pulse Width Modulation in Power Electronics
The modulation is the method that changes some characteristics
of a periodic waveform, named the carrier signal. The modulation
signal has the information to be transferred. PWM controller is
widely used in industry dc-dc converters because the PWM is able
to improve the power efficiency in dc-dc converters. This method
is also employed for speed controller and is widely used in devices
such as fans. The PWM can adjust the signal between the 1 or 0
and can control the power and speed the device. As mentioned ear-
lier, the PWM has been used in DET and GAM models. The PWM
signal is generated using an analog signal sawtooth carrier that in-
creases from 0 volt to 1 volt and comparing it to a duty cycleD. If
the D is above the carrier sawtooth, q(t) will be 1 and if the D is less
than the carrier sawtooth, q will be 0. by changing D, the PWM will
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be affected. Fig. 2.4shows the relationship among the PWM car-
rier c(t), the duty cycle d(t), and the switching functionq in detailed
model. The buck converter averages the PWM signal, charging the
inductor and capacitor when the transistor is ON and keeping the
signal stable when the transistor is OFF. The boost converter essen-
tially charges up the inductor for the time that the transistor ON and
sends the current to charge the capacitor when the transistor is OFF.
In [35], PWM is used to delete some lower-order harmonic and at-
tempts to obtain developed performance in output signal such reduc-
ing the ripple and torque in single-phase and three-phase inverters.
Also, in this paper, programmed PWM and conventional PWM is
compared. In[36], the PWM dc-dc converters has been controlled
in two types of three-phase resonant. PWM control technique was
able to reduce the losses switching while managing the output volt-
age from no load to full load. In ref [37, 38], the paper presented the
theory of PWM in dc-dc converters to describe the dynamic behav-
ior for boost, buck, buck-boost, and cuk converters and to assist built
a system with improved results. In [39], two PWM gating methods
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(APWM and TEPWM) employed for improving the efficiency of
the converter. These techniques are also compared with PSM tech-
nique and approved that APWM and TEPWM method have better
characteristics than the PSM.
(a)
(b)
Figure 2.7: Pulse width modulation
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2.11 Stability in Power Electronics
Because of the stability property in power electronics, the power
system is able to return to the steady state condition after submitting
to the disturbance. The example of the disturbance is short circuit
between the line and the earth, variations in load. Stability analysis
is widely used in ships, airplane, and spacecraft. There are several
methods that approve the stability in the power electronics such as
Lyapunov, Fliest, and La Salle’s invariance theory. In this work,
the Lyapunov theory has been used to approve the stability of new
model. In [40] Lyapunov stability theory used to investigate that is
dc-dc boost is marginally stable. In [41], the linearization method
has been applied to stabilize the output voltage of the dc-dc convert-
ers. In [42] the genetic algorithm has been constructed in converters
for predicate the regions of stability. Also, this paper employed dif-
ferent Lyapunov functions to assign the regions of stability. In [43],
Lyapunov function technique was employed to analyze the stability
and control design in switched system.
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Chapter 3
Stabilized Generalized Averaging
Model in DC-DC Converters
3.1 Stabilized Generalized Averaging Model (SGAM)
The proposed SGAM is a useful model for analysis and design
the power electronic systems. This model can estimate the aver-
age behavior and the ripple behavior of the dc-dc converters. The
method is simple, does not have restrictions, and faster than DET
model, and can use multi-converters. The integrator of SGAM was
constructed. The SGAM integrator consists of two new matrices that
connected inside the subsystem in Simulink. The stabilized GAM
model has been proposed for a dc-dc converter. The waveform x(t)
signal from the SGAM can be analyzed by using a Fourier series in
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the dc-dc converter. As discussed earlier. The rest of this chapter
is organized as follows. The Integrator of SGAM in Section (3.2)
The SGAM model of a buck and a boost converter is described in
Sections (3.3). Also, in Section (3.4), a stability in SGAM mod-
els is explored. The contribution work: 1) A SGAM method has
been used sampled PWM converters. 2) A solution to the observed
stability problem is observed and described.
3.2 Using Fourier Series in SGAM
As mentioned in the GAM model, the SGAM is used the Fourier
series, x(t)1,to analyze the state variables converters. The state vari-
ables are the isL and vsout signals from boost and buck converters
circuits. These signals have dc value and harmonics. A Fourier se-
ries can be analyzed the state variables and can determined the dc
value and harmonics. The Fourier series equation below has terms
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that can represent the output of dc-dc converters.
x(t)1 ≈ xs0(t)+
N
∑
n=1
(
xsnc(t) cos
2nπt
T
)
+ xsns(t) sin
2nπt
T
)
(3.1)
xs0(t),xsnc(t),xsns are the real-valued trigonometric Fourier series
coefficients. These terms can be used for the dc fundamental, the
harmonics results, and switching ripple in the dc-dc converters.
N is the number of the terms in the series that represent the har-
monics for the variables state. If the N value is one or two, it will be
sufficient to determine the harmonics.The vector of length (2N +1)
can be extracted from equation 3.1 as described
Xs = [xs0 xs1c xs1s, ...,xsNc xsNs]T . (3.2)
The vector Xs is used to rewrite equation 3.1 as defined
x(t)1s(t)sXs (3.3)
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where s(t)sis defined as
s(t)s = [1 cos
(
N
2π
T
)
t, sin
(
N
2π
T
)
t ... cos
(
N
2π
T
)
t, sin
(
N
2π
T
)
t].
(3.4)
As shown below, x(t)1 was substituted into the inductor current
isL(t), capacitor voltage vsout(t), and switch function q(t) in 3.5, 3.6
and 3.7, respectively
isL(t)≈ isL0 + isL1c cos(ωt)+ isL1s sin(ωt) (3.5)
vsout(t)≈ vsout0 cos(ωt)+ vsout1s sin(ωt) (3.6)
q(t)s ≈ qs0 +qs1c cos(ωt)+qs1s sin(ωt) (3.7)
3.3 Product Average Signals in DC-DC Converter
A switching function and voltage or current output signal should
be multiplied by using discrete convolution method. For instance,
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x(t) represents the capacitor voltage or inductor current signal and
y(t) represents the switching function, and both are approximated
by Nth-order series. The product of the averages of these terms is
illustrated [30, 31]
< x(t).y(t)>=
∞
∑
i=−∞
< x(t)>n−i< y(t)>i (3.8)
By using discrete convolution to calculate the index-N average of
a product term such as (1−q)Vout , the term is described as
(1−q)Vout ⇒

1−q0 −12q1c −
1
2q1s
q1c 1−q0 0
−q1s 0 1−q0


Vout0
Vout1c
Vout1s
 (3.9)
= (1−q0)Vout0−
1
2
q1cVout1c−
1
2
q1sVout1s−q1cVout0
− (1−q0)Vout1c−q1sVout0 +(1−q0)Vout1s
(3.10)
3.3.1 The Switching Function of Dc-Dc Converter
In the dc-dc converters, the diode and transistor work as a switch,
and this switching function, q, can control the system. When the
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switch is ON or OFF, it will represent 1 or 0 in the converters, re-
spectively. Then, the converters will use duty ratio, D, in the average
of the switching function, and the D will be a constant value. The
Fourier series terms are given when the switching is ON.
q0 = D, (3.11)
qnc =
1
π
(sin(2nπD)), , (3.12)
qns =
1
π
(1− cos(2nπD)), (3.13)
The q0, qnc, qns are the index− 0, index− nc, and index− ns,
respectively, average at duty cycle D [14].
3.4 The Integrator of the Stabilized Generalized Av-
eraging Model
A SGAM is a system of differential equations that was built in
dc-dc converters and this method attempt to stabilize the behavior
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in GAM . This technique is a powerful method to analysis the dc-dc
converter behavior and is easy to apply. The harmonics and fun-
damental dc signals that results from boost and buck converters are
examined by using the Fourier series theory. The equation 3.4 has
been derivative with respect the time as defined
dx(t)1
dt
=
d
dt
(s(t)sXs) (3.14)
=
ds(t)s
dt
Xs + s(t)s
dXs
dt
(3.15)
= s(t)s(T2
dXs
dt
+S2Xs) (3.16)
dXs
dt is the derivative of the average vector, S2 and T2 represent the
matrices (2N +1)× (2N +1).
where S2 and T2 are matrices that assist to stabilize the system
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and n ∈ {1, 2, . . . ,N}
S2 =

0 α2 cosθ
α
2 sinθ
0 −α2 −ω
0 ω −α2
 , T2 =

1 −α2ω sinθ
α
2 cosθ
0 1 −α2ω
0 α2ω 1
 (3.17)
α,θ ,and ω are constants that are in the matrices. These matrices
are built it inside the subsystem to make the SGAM integrator and
used to stabilize the approach.
3.5 Using Stabilized Generalized Averaging Model
in DC-DC Converter
3.5.1 The SGAM of Boost Converter
The proposed SGAM has been applied in the boost converter as
shown in Fig.2.1. Also, the sections 3.5.1 and 3.5.2 can be used in
the SGAM. The inductor current and capacitor voltage equations are
given
L
(
S2isL +T2
disL
dt
)
=Vin2− (1−q)vsout (3.18)
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[ The disLdt is consist of
disL0
dt ,
disL1c
dt ,
disL1s
dt ]
C2
(
S2vsout +T2
dvsout
dt
)
= (1−q)isL−
vsout
RL2
(3.19)
[The dvsoutdt is consist of
dvsout0
dt ,
dvsout1c
dt ,
dvsout1s
dt ]
3.5.2 The SGAM of Buck Converter
The proposed SGAM has been used in the ideal buck converter
circuit as shown in Fig. 2.3. In this model, the buck converter is op-
erating in continuous conduction mode. The sections 3.5.1 and 3.5.2
can be used in the SGAM. The state variables for SGAM (inductor
current and capacitor voltage equations) are given.
Vin1q− vsout = L(S2isL +T2
disL
dt
) (3.20)
isL−
vsout
RL1
=C2(S2vsout +T2
dvsout
dt
) (3.21)
where q is the switching function that represents the transistor
condition. These equations are constructed in Simulink, and the re-
sults will be explained in chapter 4.
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3.6 Transformation to Constant Matrix (P)
To prove the stability the integrator
ẋ = S2x+T2u (3.22)
Let z = Px where P =

1 cosθ sinθ
0 1 0
0 0 1

By differentiation z with respect time
dz
dt
= ω
dP
dθ
x+P(S2x+T2u) (3.23)
dz
dt
=
(
ω
dP
dθ
P−1 +PS2P−1
)
z+PT2u (3.24)
By substituting P, dPdθ , T2 , and S2 into equation 3.6
dz
dt
=

0 0 0
0 −α2 −ω
0 ω −α2
z+

1 cosθ sinθ
0 1 − α2ω
0 α2ω 1
u (3.25)
The eigenvalues of first matrix
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λ1 = 0
λ2 =−α2 − jω
λ3 =−α2 + jω
The eigenvalues of second matrix
Suppose
z = Px (3.26)
The differentiate z̄ respect with time
ż = ω
dP
dθ
P −1z+P (A P −1z+B u) (3.27)
where
A = IN⊗S2 +A⊗T (3.28)
B = B⊗T (3.29)
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By simplify equation 3.6
ż = ω(IN⊗
d P
dθ
)(IN⊗P−1)z+(IN⊗P)(IN⊗S2 +(A⊗T )z+B u)
(3.30)
Therefore,
= [IN⊗ (ω
dP
dθ
P−1 +PS2P−1)+A⊗

1 0 0
0 1 − α2ω
0 α2ω 1
] z+(B⊗T ) u
(3.31)
A and B are from SSA model (buck and boost converters)
3.7 The Stability in The SGAM integrator
Since the GAM has stability issue, the SGAM method has been
presented below to approve the stability. Assume the SGAM integer
has initial input value u(i) = [0 ui1c u
i
1s] where u
i
1cu
i
1s are constants.
The initial condition has taken in this integrator such as X = [x0 −
ui1s
ω
− u
i
1c
ω
] where x0 is zero, and t = 0, the input signal is changed
u( f ) = [0 u( f )1c u
( f )
1s ]
T ,where u( f )1c = u
i
1c when u(t) is continuous. The
37
parameters of integrator are given in Table 3.1. The integrator of
GAM equation in Chapter 2 in (GAM) is given below [44, 45]
Table 3.1: Integrator Parameter
ω 1000π rad/s x0 0
u(1ci) 0.2 u
(
1c f ) 0.2
u(1si) 0.2 u
(
1s f ) 0.3
Suppose an error variable is the discrepancy between the output
value of the GAM model and SGAM model as illustrated e(t) =
y2−y1. If both integrator models have the same initial state x1(0) =
x2(0), the error should equal zero, and the error equation is derived
below:
e(0) = s(t)(x2(0)− x1(0)) = 0 (3.32)
The derivative e(t) with respect time (the derivative is zero at all
time because the e(t) equal zero)
de
dt
= ω
ds
dt
(x2− x1)+ s(t)
(dx2
dt
− dx(t)
dt
)
(3.33)
By substituting dsdθ , s(t),
dx2
dt , and
dx1
dt into equation above 3.7
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where dx1dt is average vector for GAM integrator,
dx1
dt
= s1x1 +T1u, (3.34)
where s1 =

0 0 0
0 0 −ω
0 ω 0
, T1 =

1 0 0
0 1 0
0 0 1
. see, reference [28]
Therefore,
de
dt
= ω[0 − sinθ cosθ ](x2− x1)+ [1 cosθ sinθ ]s1(x2− x1)+
[1 cosθ sinθ ](∆sx2 +∆Tu)
(3.35)
Therefore
de
dt
= [0 −ω sinθ ω cosθ ]+
[0 ω sinθ −ω cosθ ](x2− x1)+ s(t)(∆sx2 +∆Tu)
(3.36)
The e(t) and dedt are equal zero all time. The output SGAM model of
integrator in time domain x(t) matches to the output signal of GAM
model integrator.
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The integrators of DET, GAM, and SGAM has been compared
in Simulink as shown in Fig. 3.1. The input for the DET integrator
is unit step and the parameters for unit step are listed in Table 3.1.
The time domain signals for DET, GAM, and SGAM are matched
as shown in Fig. 3.3. The SGAM integrator is stable, and damping
constant is the parameter that affects the stability system as shown
Fig.3.2. However, the GAM integrator is unstable as shown in Fig.
3.4.
Figure 3.1: The comparison the integrator of DET, GAM, and SGAM models of integrator
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Figure 3.2: Shows the elements of x for SGAM model of integrator
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Figure 3.3: Shows the elements of x for SGAM model of integrator
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Figure 3.4: Time-domain signals of DET, GAM, and SGAM models of integrators
3.8 Lyapunov Function
In steady state, the dx1dt equal zero in GAM model. The average
vectors values in GAM integrator substitute into zero as below dx1cdt
and dx1sdt equal zero (I mean derivative in equation (GAM)equal zero
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in steady state).
dx1c
dt
= 0 =−ωx1s +u1c (3.37)
dx1s
dt
= 0 = ωx1c +u1s. (3.38)
The Lyapunov function has been used to predict the stability sys-
tem. Assume du1cdt = 0 and
du1s
dt = 0 in the equation below
V = (−ωx1s +u1c)2 +(−ωx1c +u1s)2 (3.39)
By derivative V , the results are given below
dV
dt
= 2(−ωx1s +u1c)(−ω
dx1s
dt
)+2(ωx1c +u1s)(ω
dx1c
dt
) (3.40)
These values have been realized in steady-state and they substi-
tute in the Lyapunov function equation to make the system stable
end decay.
δ1c =
−α
2ω
(ωx1c +u1s) (3.41)
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δ1s =
α
2ω
(−ωx1s +u1c) (3.42)
The time derivative of the Lyapunov function can be calculated
as in equation 3.43
dV
dt
= 2ω(ωx1s +u1c)δ1s +2ω(ωx1c +u1s)δ1c =−αV (3.43)
The α value is an important parameter to make the system stable,
and it might impact on the eigenvalue in the SGAM integrator.
3.9 Stability in DC-DC Converter
The results in Fig.3.2 and 3.4 show that the stabilized GAM model
is stable with the additional poles created by the generalized averag-
ing method assignable by parameter choice. The new GAM model
predicts the same results as the existing GAM method without the
underlying stability concerns. The stabilized GAM model exhibits
constant equilibrium point and requires significantly lower run times
than the DET model, but it is also able to predict the ripple perfor-
mance of the converter. To prove the stability in the buck converter
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in SGAM, the Kronecker product has been employed [46–48] as de-
fined in equation 3.44
Abar = In×n⊗S2 +A⊗T2, (3.44)
where Inxn is identity matrix, A =
0 −1L
1
C
−1
RC
 from the SSA model
in buck converter, S2 and T2 are matrices that mentioned in section
3.2 . Since the eigenvalue of the Abar is less than zero and the
eigenvalues for the A are also less than zero, the SGAM is stable
approach. By using the s-plane method in SGAM model [49–51],
the all poles lie in the left- hand s- plane as illustrated in Fig. 3.5
and 3.6. The parameters in Table 3.1 are used in equation 3.44.
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Figure 3.5: Shows the SGAM integrator model with various approximation orders in
boost converter
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Figure 3.6: Shows the SGAM integrator model with various approximation orders in buck
converter
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Chapter 4
Simulation Results
4.1 Introduction
The SGAM model has been built in dc-dc converter in Simulink.
The boost and buck converter have been used in this work, and The
PWM signal has been applied in the buck and boost converters as
shown in Fig. 2.7. The parameters have been used in Table 4.1
and 4.4, and the simulation for all models is constructed on per-
sonal computer (Intel(R) Core(TM) i5-4210U CPU @ 1.70 GHz,
8.00 GB RAM, 64-bit Operating System, x64-based processor). All
models are constructed in ode23tb Simulink solver and the rela-
tive tolerance of 10−3 in MATLAB 2017a. Time tolerance is used
equal(10 ∗ 128 ∗ eps), and the simulation time study for buck is 0.1
second and for boost is 0.4 second. All models such as DET, SSA,
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GAM and SGAM are simulated and the results for all models are
compared as clarified in this section. For the GAM and SGAM, the
parameter α is taken approximately 10 ω to make the integrator be-
havior stable. The simulation is taken when the mean run time equal
100 simulation. The run time simulation of DET, SSA, GAM and
SGAM is illustrated in Table 4.3 and 4.2. The dc values and peak to
peak (P-P) of capacitor voltage and inductor current for DET, SSA,
GAM and SGAM model in dc-dc converters are calculated in inter-
val from 0.09956 to 0.1 (buck) and from 0.39965 to 0.4(boost) as
shown in Table 4.2 and 4.6.
4.1.1 Boost Converter Simulation Results
The simple boost converter as shown Fig.2.1 is used to describe
the SGAM method. The parameters that have been used are listed in
Table 4.1. The load resistance undergoes a step from 21Ω to 42Ω at
t = 0.2 sec. The step load resistance changes impact on the capacitor
voltage and the inductor current in all models that have been built.
The inductor current and the capacitor voltage for a SGAM model of
order 0, 1c, 1s are illustrated in Fig.4.1 and 4.2 . The zeroth-order
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SGAM starts to oscillate and then becomes stable. when the step
load resistance is changed its value, the capacitor voltage returns os-
cillated and become stable after a while. The cosine- and sine-orders
start to oscillate and then settle close to zero. The SGAM orders re-
fer to the dc- fundamental and the switching harmonics to estimate
the average behavior and ripple behavior for the dc-dc converters.
Table 4.1: The Parameters of Boost Converter
Input Voltage, Vin2 125 V Boost Con
Inductance, L 1.52 mH
Capacitor, C2 470 µF
Switching Frequency, fsw 10 kHz
ω 62832, (2π fsw)
α 628320, 10ω
Initial Load Resistance,RL2 21 Ω
Final Load Resistance,RL2 42 Ω
Load Step Time 0.05 s
Duty Cycle, D2 0.4
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Figure 4.1: The Capacitor voltage for SGAM model in boost converter
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Figure 4.2: The inductance current for SGAM model in boost converter
The DET, SSA, and SGAM model are compared as shown in Fig.
4.3 and 4.4. The capacitor voltage and inductance current for SSA
are approximated matched. Also, these state variables are matched
when the load resistance change.
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Figure 4.3: The capacitor voltage for detailed, SSA SGAM in boost converter
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Figure 4.4: The inductance current for detailed, SSA SGAM in boost converter
However, when the capacitor voltage and inductance current for
the DET, SSA, and SGAM are zoomed for the last period, these
models are oscillated around the stable SSA capacitor voltage as
shown in Fig. 4.5 and 4.6. the same way with inductance current for
these models. The SSA method does not present the switching rip-
ple. The SSA method shows the dc capacitor voltage and inductance
current
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Figure 4.5: The capacitor voltage for Detailed,SSA,and SGAM models in boost converter
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Figure 4.6: The inductor current for Detailed,SSA,and SGAM models in boost converter
In Fig. 4.7 and 4.8, the SGAM model is compared with GAM
model. The capacitor voltage and inductance current of order 0, 1c, 1s
for SGAM are approximately identical to the capacitor voltage of
order 0, 1c, 1s for GAM, respectively. The inductance current for
GAM also matches the inductance current for SGAM method. As
described before, when the load resistance change occurs, the state
variables return to oscillate and become stable after a while
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Figure 4.7: The Capacitor voltage for GAM and SGAM model in boost converter
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Figure 4.8: The inductance current for GAM and SGAM models in boost converter
In Fig. 4.9 and 4.10, The capacitor voltage and inductance cur-
rent for the GAM are a little higher than the capacitor voltage and
inductance current for SGAM while these models are zoomed in.
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Figure 4.9: The capacitor voltage for GAM and SGAM models in boost converter
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Figure 4.10: The inductor current for GAM and SGAM models in boost converter
The run time simulation of the boost converter is shown in Ta-
ble 4.2. The run time simulation takes the longest time from SSA,
GAM, and SGAM models. The SGAM model faster than DET run
time. Table 4.3 illustrates the comparison dc values and peak to peak
(P-P) of capacitor voltage and inductor current for DET, SSA, GAM,
and SGAM model in boost converters in the interval from 0.09956
to 0.1 sec.
Table 4.2: Run time simulation for boost converter
Model Run Time (s)
Detailed 2.8317
SSA 0.4045
GAM 0.7130
SGAM 0.7372
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Table 4.3: Comparison of DC value and peak-peak (P-P) value of inductor current and
capacitor voltage for detailed DET, SSA, GAM, and SGAM models of boost converter
Model Inductance Current Boost Con Capacitor Voltage Boost Con
DC P-P DC P-P
DET 19.0339 3.9505 208.3609 0.4222
SSA 8.2414 0.0000 208.4323 0.0000
GAM 8.7418 6.1680 208.3137 0.3489
SGAM 8.6427 6.1690 208.2858 0.3411
4.1.2 Buck Converter Simulation Results
The ideal buck converter as shown Fig. 2.3 is employed to de-
scribe the SGAM method. The parameters that have been used are
listed in Table 4.4.
Table 4.4: Buck Converter Simulation Parameters
Input Voltage, Vin1 250 V Buck Con
Inductance, L 1.52 mH
Capacitor, C1 167 µF
Switching Frequency, fsw 10 kHz
ω 62832, (2π fsw)
α 628320, 10ω
Initial Load Resistance,RL1 4 Ω
Final Load Resistance,RL1 8 Ω
Load Step Time 0.05 s
Duty Cycle, D1 0.6
A unit step load resistance change is studied. The step load resis-
tance change is affected on the capacitor voltage and the inductance
current in all models that have been built. The capacitor voltage and
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the inductor current and for a SGAM model of order 0, 1c, 1s are
illustrated in Fig.4.11 and 4.12. The zeroth-order SGAM starts to
oscillate and then becomes stable. When the step load resistance is
changed its value, the inductance current starts to oscillate and then
becomes stable. The inductance current value becomes less half its
value than before the resistance change. However, the capacitor volt-
age experiences transient and becomes stable. When the step load
resistance is changed its value, the capacitor voltage returns oscil-
lated and become stable after a while. The cosine and sine- orders
start to oscillate and then settle close to zero.
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Figure 4.11: The capacitor voltage of SGAM in buck converter
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Figure 4.12: The inductance current of SGAM in buck converter
The SGAM method is compared with a detailed model as shown
in Fig.4.13 and Fig.4.14. The capacitance voltage and the induc-
tance current detailed model match the capacitance voltage and in-
ductance current of SGAM model, respectively.
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Figure 4.13: Capacitor voltage of SGAM and DET model in buck converter
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Figure 4.14: Inductor current of SGAM and DET model in buck converter
However, when these outputs are zoomed in, the capacitor volt-
age for DET model is a little higher than the capacitor voltage for
SGAM as shown Fig. 4.15. The inductance current of DET is also
higher than the inductance current of SGAM as shown in 4.16.
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Figure 4.15: Capacitor voltage of SGAM and DET model in buck converter
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Figure 4.16: Inductance current of SGAM and DET model in buck converter
In Fig. 4.17 and Fig. 4.18, the capacitor voltage and inductance
current for SSA is just dc fundamental and does not present the har-
monic signals, however, the capacitor voltage and inductance current
for SGAM oscillates around the capacitor voltage and inductance
current of SSA.
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Figure 4.17: Capacitor voltage of SGAM and SSA models in buck converter
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Figure 4.18: Inductance current of SGAM, DET,and GAM models in buck converter
In Fig. 4.20, the SGAM model is compared with GAM model.
The capacitor voltage of order 0,1c,1s for SGAM, are identical to the
capacitor voltage of order 0,1c,1s for GAM, respectively.Similarly,
the inductance current for SGAM also matches identically the in-
ductance current for GAM models as shown in Fig. 4.19.
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Figure 4.19: The capacitor voltage for SGAM and GAM model in buck converter
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Figure 4.20: Inductance current for SGAM and GAM model in buck converter
However, when using zoom the capacitor voltage and inductance
current as shown in Fig. 4.21 and 4.22, the inductance current for
GAM and SGAM are identical, but the inductance current for DET
oscillate a little higher than the inductance current GAM and SGAM.
As described before, when the load resistance changes occur, the
magnitude of inductance current and capacitance voltage decrease to
the half with oscillated conditions because the load resistance value
is changed and affects on state variables.
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Figure 4.21: Capacitor voltage for DET,GAM and SGAM models in buck converter
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Figure 4.22: Inductance current for DET, GAM, and SGAM models in buck converter
In Fig. 4.24 and 4.23, the capcitor voltage for DET, GAM and
SGAM are approximately identical. The capacitance voltage and
inductance current for DET is aproximated identical to the capaci-
tance voltage and inductance current, respectively.
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Figure 4.23: Capcitor voltage for DET, GAM, and SGAM model in buck converter
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Figure 4.24: Inductance current for DET, GAM, and SGAM models in buck converter
Table 4.5: Run Time Simulation of Boost Converter
Model Run Time buck (s)
Detailed 0.6883
SSA 0.2637
GAM 0.3001
SGAM 0.3663
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Table 4.6: Comparison of dc value and peak-peak (P-P) value of inductor current and
capacitor voltage for detailed, SSA, GAM, and SGAM models
Model Inductance Current Buck Con Capacitor Voltage Buck Con
DC P-P DC P-P
DET 19.0339 3.9505 149.9905 0.2957
SSA 37.500 0.0000 150.0000 0.0000
GAM 18.7497 3.1730 149.9978 0.3022
SGAM 18.7503 3.1730 149.9980 0.3023
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Chapter 5
Discussion and Conclusions
5.1 Discussion The Results for The Models
The SGAM model has been designed and implemented in dc-dc
converters using Matlab Simulink. This model has been compared
with other models such as DET, SSA, and GAM models. First, DET
model, since the capacitor voltage and inductor current of SGAM is
approximated identically to capacitor voltage and inductor current
of DET as shown in Fig. 4.13 and 4.16, the SGAM method can il-
lustrate the actual signal behavior in the boost and buck converters.
That because the DET model is able to depict each switch behavior
in the dc-dc converters[28]. Second, SSA model, acoording to the
results of SGAM and SSA methods in Fig. 4.5 and 4.6, the capacitor
voltage and inductor current for SGAM does not match the capaci-
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tor voltage and inductor current for SSA in both dc-dc converters. It
observes that the capacitor voltage and inductor current becomes dc
and never oscillate and the capacitor voltage and inductor current for
SGAM are still oscillated. These results attribute that SSA method
does not present the ripple behavior, and the SGAM is more accu-
rate and has ability to predict the average and ripple behavior[15].
Third, GAM, the capacitor voltage and inductor current for SGAM
are precisely identical to capacitor voltage and inductor current for
GAM as shown in Fig. 4.9 and 4.10. In addition, the SGAM is
more appropriate method than GAM model because the Lyapunov
function in SGAM model improved the stability of the system in-
ternally, see equations 3.42. This function utilized a positive in
the SGAM integer and negative derivative. Furthermore, SGAM
method also stable in the buck and boost converters due to using the
S-plane method, Fig. 3.5 and Fig.3.6 , the poles and zeros of SGAM
model lie in the left-hand side and the eigenvalues are less than zero
[49–52] While, GAM has only one pair of eigenvalues in the right
plane which makes it unstable [44]. The Kronecker product is also
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used to assist the muiltplyig the matrices that have different sizes
(dimensions)[46–48]. In terms of integrator comparsion between
the SGAM and GAM models, the results in fig. (integrator) utilize
that the elements of dc and ripple signal of the SGAM (0, 1c, 1s)
experience transient and became stable because of α parameter in
the integrator matrix. This parameter is a flexible to be adjusted to
obtain the stable system. The SGAM method takes reasonable run
time simulation compared to DET model in boost and buck convert-
ers. Although the SGAM integrator is more complicated structure
(more than matrix) compared to GAM, the SGAM runtime simu-
lation is close to the run time of GAM. The SSA model takes the
lower run time simulation compared to SGAM run time because the
SSA integrator is simpler than the SGAM integrator. As mentioned
earlier, the SGAM can estimate the average and ripple behavior and
SSA method does not.
5.2 Conclusions and Future Work
SGAM has been used in dc-dc converters and compared with
other models. The SGAM is more straightforward implementation
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than other models. The SGAM represents a suitable alternative to
DET models when high accuracy simulations are desired without
long simulation run times. The SGAM does not have many restric-
tions and has constant equilibrium and internal stability. It is devel-
oped through MATLAB/Simulink, and Lyapunov theory has been
used to prove the stability of the system. This model is capable of
predicting the ripple and average behavior dc-dc converter. Future
work can extend the SGAM method to other converters, including
ac-dc, dc-ac converters, and different types of dc-dc converters such
as buck-boost converters. Also, it can be applied SGAM in hardware
in the lab. We can notice the SGAM in the practical dc-dc converter
which means what the ESR impact on the output capacitor voltage
and inductor current.
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Appendix A
Hardware DC-DC Converter in The
Lab
gure 1 shows the hardware converter in the lab. This converter
can be adjusted the dc voltage source (high or low voltage) to use it
boost or buck converter.
Figure 1: The converter hardware
Figure 2 illustrates the input voltage ports for the dc-dc converter.
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It connects to the source voltage.
Figure 2: The input ports in converter hardware
Figure 3 shows the load resistance that have used in dc-dc con-
verter.
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Figure 3: The load resistance hardware
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